It has been shown on a thermodynamic basis that an amorphous structure for an oxide film on its metal substrate can be more stable than the crystalline structure. The thermodynamic stability of a thin amorphous metal-oxide film on top of its single-crystal metal substrate has been modeled as a function of growth temperature, oxide-film thickness, and crystallographic orientation of the metal substrate. To this end, expressions have been derived for the estimation of the energies of the metal-substrate amorphous-oxide film interface and the metal-substrate crystalline-oxide film interface as a function of growth temperature, and crystallographic orientation of the substrate ͑including the effect of strain due to the lattice mismatch͒. It follows that, up to a certain critical thickness of the amorphous oxide film, the higher bulk Gibbs free energy of the amorphous oxide film, as compared to the corresponding crystalline oxide film, can be compensated for by the lower sum of the surface and interfacial energies. The predicted occurrence of an amorphous aluminum-oxide film on various crystallographic faces of aluminum agrees well with previous transmission electron microscopy observations.
I. INTRODUCTION
Upon exposure of a clean metal or semiconductor substrate to oxygen at relatively low temperatures ͑say Ͻ500 K͒, often a thin ͑thickness Ͻ10 nm͒ passivating amorphous oxide film is formed ͑this holds for, e.g., Si, Ta, Nb, Al, Ge, Cr, and Te͒, whereas at higher temperatures thicker films develop and the ͑resulting͒ structure of the corresponding oxide film is in most cases crystalline. [1] [2] [3] [4] [5] However, for metals such as Cu, Co, Fe, Ni, Mo, and Zn, low-temperature oxidation is known to proceed by the direct formation and ͑epitaxial͒ growth of a crystalline oxide, 3, 4, [6] [7] [8] [9] and, upon oxidation of Si, an amorphous SiO 2 film forms even at temperatures as high as 1300 K. 3, 5 For all these oxides, the bulk Gibbs free energy of formation of the amorphous oxide is larger than that of the corresponding crystalline oxide. Hence, for relatively thick oxide films where the contribution of the surface and interfacial energies is small, the oxide formed on its metal ͑or semiconductor͒ 10 substrate is expected to be crystalline at all temperatures. As will be demonstrated in this paper, a crystalline structure need not occur for thin oxide films on their metal substrates, where the surface and interface energies can be the dominating contributions for the total Gibbs free energy of the oxide film on its metal substrate. As shown in recent work on the thermodynamics of solid-state amorphization, 11 the energy of the interface between an amorphous phase and a crystalline phase is in many cases lower than that of the corresponding crystalline-crystalline interface. This also holds for the oxide film formed on a clean metal substrate, as will be shown here. Moreover, the surface energy of the amorphous metal oxide is often lower than that of the corresponding crystalline metal oxide ͑cf. Ref. 12͒ . Consequently, up to a certain critical oxide-film thickness, a thin amorphous metal-oxide film on its metal substrate can be the stable modification with respect to the corresponding crystalline metal-oxide film on the same substrate due to the relatively low surface and interfacial energies of the metal-substrate amorphous-oxide film system.
In this paper, first a general thermodynamic basis is presented for assessment of bulk, surface, and interfacial energies. At present, experimental values are usually not available for the interfacial energies of the metal͑semiconductor-͒ substrate amorphous-oxide film, and the corresponding metal-͑semiconductor-͒ substrate crystallineoxide film interfaces as a function of growth temperature and crystallographic orientation of the substrate. Therefore, expressions for these quantities are derived here on the basis of the ''macroscopic atom'' approach. 11, [13] [14] [15] [16] The thermodynamic model is applied to the case of an aluminum-oxide film on the ͕111͖, ͕110͖, and ͕100͖ crystallographic faces of an aluminum substrate. In this case, the crystalline oxide ␥-Al 2 O 3 competes with the amorphous Al 2 O 3 oxide. 1, [17] [18] [19] [20] The predictions, as obtained by application of the model to the Al-Al 2 O 3 system, are compared with experimental data obtained by transmission electron microscopy.
II. BASIS OF THE THERMODYNAMICAL MODEL
Consider two situations for a homogeneous metal-oxide film M O x of uniform thickness h on its single-crystal line metal substrate M. In Fig. 1͑a͒ an amorphous oxide film, denoted by ͕M O x ͖, with a uniform thickness h ͕M O x ͖ is on top of its single-crystal metal substrate, denoted by ͗M͘. In Then, for the case of an amorphous oxide film ͕M O x ͖ of uniform thickness h ͕M O x ͖ on the substrate ͗M͘, the total Gibbs free energy G am of the cell considered ͓see Fig. 1͑a͔͒ is given by
where G ͕M O x ͖ is the bulk Gibbs free energy of 1 mol of the amorphous oxide; ␥ ͕M O x ͖-ambient represents the surface energy of the amorphous oxide; ␥ ͗M ͘-͕M O x ͖ is the energy of the interface between the metal substrate and the amorphous oxide; and l ͕M O x ͖ denotes the width and length of the cell, both parallel to the interface.
Analogously, for a crystalline layer ͗M O x ͘ of uniform thickness h ͗M O x ͘ on the metal substrate ͗M͘, the total Gibbs free energy G c of the cell considered ͓see Fig. 1͑b͔͒ is expressed by
͑2͒
where G ͗M O x ͘ is the molar bulk Gibbs free energy of the crystalline oxide; ␥ ͗M O x ͘-ambient represents the surface energy of the crystalline oxide; ␥ ͗M ͘-͗M O x ͘ is the energy of the interface between the metal substrate and the crystalline oxide; and finally l ͗M O x ͘ denotes the width and length of the cell, both parallel to the interface.
The amorphous oxide film ͕M O x ͖ is stable with respect to the corresponding crystalline oxide film ͗M O x ͘, as long as the total Gibbs free energy G am of the ͕M O x ͖ cell in the crystalline-amorphous configuration, ͗M ͘-͕M O x ͖, is lower than the total Gibbs free energy G c of the corresponding
To arrive at an explicit expression for ⌬G, first the bulk energy terms in Eqs. ͑1͒ and ͑2͒ are considered; the interfacial energy terms are dealt with separately in Sec. III.
The Gibbs free energy of formation
͕M O x ͖ out of its elements in their stable configuration, for a given temperature and pressure, is defined as
Likewise, the Gibbs free energy of formation
Because both cells are of the same composition and contain the same molar quantity of oxygen, it holds that 
, as indicated in ͑a͒ and ͑b͒ respectively, contain the same molar quantity of oxide. The ambient phase may be vacuum, a gas atmosphere, or an adsorbed layer. Now, defining as the ratio of the surface areas of the
it follows from Eqs. ͑1͒-͑4b͒ that ⌬GϵG am ϪG c per unit
cell can be expressed as
III. ENERGY OF METAL-SUBSTRATE OXIDE-FILM INTERFACES
In most cases, experimental values are not available for the energies between the metal substrate and the oxide film. In the following, expressions will be derived for these interfacial energies on the basis of the ''macroscopic atom'' approach.
11,13-16

A. Energy of the crystalline-amorphous ŠM‹-ˆMO x ‰ interface
To assess the energy of the interface between the crystalline metal substrate ͗M͘ and the amorphous oxide film ͕M O x ͖, the interface between a crystalline solid ͑i.e., ͗M͒͘ and a configurationally frozen liquid ͑as a model for ͕M O x ͖͒ is considered. Then, three contributions to the interfacial energy ␥ ͗M ͘-͕M O x ͖ can be recognized: 11, 13, 16 
͑6͒
It is assumed that, at the oxide-film growth temperature, mismatch strain does not occur in the amorphous oxide film ͑and the metal substrate͒ due to the relative large free volume 21, 22 and the bond flexibility 2,23 of the amorphous structure, which make viscous flow in the oxide film easy. 2, [21] [22] [23] [24] [25] [26] Therefore, at the growth temperature, ⍀ ͕M O x ͖ ϭ1 ͓cf. Eq. ͑5͔͒. It is noted that, even in the absence of viscous flow and with a large mismatch between the amorphous oxide film and its metal substrate, the strain in the amorphous oxide film ͑at the growth temperature͒ may be small. , 13, 27, 28 i.e.,
The 
The fraction p depends on the shape of the Wigner-Seitz 
Since, for most metal-oxide systems, the metal-oxygen bond formation is strongly exothermic, the relatively large negative metal-oxygen interaction energy ␥ ͗M 
where the area occupied by 1-mol ͕M O x ͖ at the interface follows from the molar interface area of O at the interface,
An ͑over͒estimate for the entropy of the ordered 
Another estimate for ⌬S ͕M O x ͖ deficient can be obtained on the basis of the structural model for the solid-liquid ͗A͘-͕A͖ interface, considered as an interface between a dense random packing of hard spheres ͑i.e., the liquid͒ and a close-packed crystal plane ͑i.e., the solid͒. 33, 34 As demonstrated in Ref. 11 for the case of an amorphous binary alloy ͕AB͖ in contact with a crystalline metal ͗A͘, the decrease in configurational entropy of ͕AB͖ at the interface relative to that of bulk ͕AB͖ is given by 0.904R J K Ϫ1 ͑R is the gas constant͒ per mole ͕AB͖ at the ͗A͘-͕AB͖ interface. Accordingly, for the ͗M ͘-͕M O x ͖ interface considered here, it then follows that
In the estimation of the entropy term 0.904R in Eq. ͑8b͒, the atoms of ͕M O x ͖ are considered as equally sized hard spheres, 11, 16, 33, 34 and therefore Eq. ͑8b͒ can only be considered as a crude estimate. In this paper, Eq. ͑8a͒ ͑with
; see above͒ will be used to estimate the entropy contribution.
Enthalpy contribution to the ͗M͘-͕MO x ͖ interfacial energy
The enthalpy contribution to the ͗M ͘-
, is ascribed to the increase in enthalpy of the M atoms of the ͗M͘ substrate at the interface relative to that of the M atoms in the bulk ͗M͘ substrate. 11, 13, 16, 35 Because the interface between the crystalline substrate ͗M͘ and the amorphous oxide film ͕M O x ͖ is considered as a crystalline-liquid rather than a crystalline-crystalline type of interface ͑cf. Sec. III A͒, the M atoms of the crystalline substrate ͗M͘ at the interface will be increased in enthalpy relative to that of bulk ͗M͘ due to the liquid type of bonding with the atoms of ͕M O x ͖ at the ͗M ͘-͕M O x ͖ interface. 11, 13, 16, 35 If the enthalpy increase of the M atoms of ͗M͘ at the ͗M ͘-͕M O x ͖ interface is taken to be the same as the enthalpy increase of the M atoms of the ͗M͘ substrate in contact with its amorphous phase ͕M͖, then the enthalpy increase of the M atoms of the crystalline substrate ͗M͘ at the ͗M ͘-͕M O x ͖ interface relative to that of bulk ͗M͘ will be proportional to the enthalpy of fusion of ͗M͘, H ͗M ͘ fuse . 11, 13, 16, 35 Since, at the interface, only a fraction p of the total surface area of the atomic ͗M͘ cell is in contact with the amorphous ͕M O x ͖ phase, the enthalpy increase of one mole ͗M͘ atoms in the first atomic layer of the ͗M͘ substrate at the 
For a given crystallographic orientation of the ͗M͘ substrate, the molar interface area A ͗M ͘ can be calculated if the lattice parameter and the crystal structure of ͗M͘ are known. 36 The fraction p can be taken, on average, as pϭ 1 3 ͑cf. Sec. III A 1͒.
Expression for the ŠM‹-ˆMO x ‰ interfacial energy
Substitution of Eqs. ͑7b͒, ͑8a͒, and ͑9͒ into Eq. ͑6͒ finally leads to the following expression for the interfacial energy
͑10͒
B. Energy of the crystalline-crystalline ŠM‹-ŠMO x ‹ interface
The energy ␥ ͗M ͘-͗M O x ͘ of the interface between the crystalline metal substrate ͗M͘ and the crystalline oxide ͗M O x ͘ is the resultant of a chemical and a structural term. 11, 13, 14, 16, 37 As for the crystalline-amorphous ͗M ͘-͕M O x ͖ interface, the chemical term is related to the interaction between the atoms of ͗M͘ and ͗M O x ͘ across the interface, whereas the structural term is related to the strain induced by the mismatch at the interface between the two adjacent crystalline phases ͗M͘
Interaction contribution to the ͗M͘-͗MO x ͘ interfacial energy
Following the treatment given in Sec. III A 1 for the interaction energy across the crystalline-amorphous
Note that for a strained oxide film ͗M O x ͘ on its metal substrate ͗M͘, the correct molar interface area of oxygen A ͗O͘ ,
i.e. the area occupied by 1-mol O atoms of ͗M O x ͘ at the ͗M ͘-͗M O x ͘ interface, is calculated from the strained lattice spacing of ͗M O x ͘ at the interface ͑see Sec. IV C͒.
Mismatch contribution to ͗M͘-͗MO x ͘ interfacial energy
Besides the relatively large negative contribution of the metal-oxide interaction energy
corresponding to the strain induced by the mismatch at the interface between the two adjacent crystalline phases ͗M͘ and ͗M O x ͘. In the case considered here, i.e., the formation of a thin crystalline
may occur as a result of epitaxial growth. 1, 3, 4, [6] [7] [8] [9] [17] [18] [19] [20] 38 In such a case the mismatch between the adjacent lattices of the two crystalline phases is accommodated by elastic deformation. Generally, the mismatch in the boundary is characterized by the mismatch values in two directions within the boundary. One such mismatch f can be defined by
where d ͗M O x ͘ HKL and d ͗M ͘ hkl represent the unstrained lattice spacings in the direction concerned of the ͑hkl͒ and ͑HKL͒ lattice planes perpendicular to the boundary of the ͗M͘ lattice and
͗M O x ͘ lattice, respectively. The unstrained lattice spacings of both lattices depend on temperature T according to
where respectively, and ⌬Tϭ(TϪT 0 ). Because the epitaxial oxide film is very thin as compared with the metal substrate, all mismatch between the oxide film and the substrate will be accommodated fully elastically by the oxide film, and thus the strain in the oxide film in the direction pertaining to Eq. ͑13a͒ in a plane parallel to the interface, ʈ , satisfies ʈ ϭ f ͓cf. Eq. ͑13a͔͒. It should be noted that here the mismatch energy in the system is assigned to the ͗M ͘-͗M O x ͘ interfacial energy instead of the bulk Gibbs free energy of the oxide film; this choice has no effect on the outcome of the model calculations.
Thus the contribution of the mismatch strain to the interfacial energy ͓see Eq. ͑11͔͒ is obtained as the elastic strain energy stored in the oxide film per unit area of the interface between the ͗M O x ͘ film and the metal substrate ͗M͘. 40 Then, for those cases where the mismatch f and thus the strain ʈ is independent of the direction within the plane parallel to the ͗M ͘-͗M O x ͘ interface ͑e.g., the ͗Al͘-͗␥-Al 2 O 3 ͘ interfaces considered in Sec. IV C͒, the contribution of the mismatch energy to the interfacial energy
where 44 Most ͗M ͘-͗M O x ͘ systems have lattice mismatches f ϭ0.02-0.07 ͑cf. Refs. 1 and 6-8͒, and then up to an oxide-film thickness of, say, 5-10 nm, plastic deformation is considered not to play a role here ͑cf. Frank-van der Merwe theory; cf. Refs. 39, 40, and 45͒.
Expression for the ͗M͘-͗MO x ͘ interfacial energy
Substitution of Eqs. ͑12͒ and ͑13d͒ into Eq. ͑11͒ finally leads to the following expression for the interfacial energy
IV. THERMODYNAMICS OF AMORPHOUS AND CRYSTALLINE ALUMINUM-OXIDE FILMS ON ALUMINUM SUBSTRATES
The thermodynamic model developed in Secs. II and III will be applied to the case of aluminum-oxide films on the ͕111͖, ͕110͖, and ͕100͖ crystallographic faces of an aluminum substrate. Such an oxide film can be produced by e.g., dry, thermal oxidation of a clean Al substrate. The crystalline oxide competing with the amorphous oxide ͕Al 2 O 3 ͖ of the same composition is ␥-Al 2 O 3 . 1, [17] [18] [19] [20] First the difference in bulk, surface, and interfacial energies of the amorphous ͕Al 2 O 3 ͖ cell on the ͗Al͘ substrate and the corresponding crystalline ͗␥-Al 2 O 3 ͘ cell on the same substrate will be discussed. Then the stability of the oxide films is discussed as a function of growth temperature, oxide-film thickness, and crystallographic orientation of the ͗Al͘ substrate. tively more stable at higher T ͑see Fig. 2͒ . The only values reported in the literature for the surface energies of the ͕111͖, ͕110͖, and ͕100͖ crystallographic faces of ␥-Al 2 O 3 are theoretical ones obtained from moleculardynamics simulations pertaining to 300 K of the corresponding relaxed and unrelaxed surfaces of ␥-Al 2 O 3 in contact with vacuum ͑i.e., ␥-͗␥-Al 2 O 3 ͘-vac ͒.
12 For Al 2 O 3 films grown 
͕110͖:
͕100͖: 54 It may be assumed that, as for the relaxed Al-terminated ͕111͖␥-Al 2 O 3 surfaces, the relaxed O-terminated ͕111͖ surface is also amorphous due to surface reconstruction, and therefore also has a surface energy at T 0 of 0.88 J m Ϫ2 ͑see above͒. Then it can be concluded from the above data that the surface energy of the relaxed O-terminated surfaces of ␥-Al 2 O 3 increases with decreasing atomic density at the ͑un-relaxed͒ ␥-Al 2 O 3 surface:
The calculated difference in surface energy between ͕Al 2 O 3 ͖ and ͗␥-Al 2 O 3 ͘ per unit area of the ͕Al 2 O 3 ͖ surface ͓cf. Eq. ͑5͔͒ is plotted in Fig. 3 as a function Table II for the three crystallographic faces of ͗Al͘ considered. The value of the interfacial energy ␥ ͗Al͘-͕Al 2 O 3 ͖ is dominated by the negative contribution of the Al-O interaction energy ͓cf. the discussion below Eq. ͑7c͒ in Sec. III A 1͔. Therefore, ␥ ͗Al͘-͕Al 2 O 3 ͖ Ͻ0, and its value only slightly increases ͑i.e., becomes less negative͒ with increasing growth temperature T due to the small increases of both the interaction energy contribution and the entropy energy contribution with increasing T. As an approximation for the molar interface area of oxygen of the amorphous oxide at the three ͗Al͘-͕Al 2 O 3 ͖ interfaces considered, the molar interface area of oxygen in the most densely packed plane of ͗␥-Al 2 O 3 ͘, i.e. the ͕111͖ ␥-Al 2 O 3 plane, has been taken ͑see Table I͒ , as discussed below Eq. ͑7c͒ in Sec. III A 1. Consequently, only the relatively small positive enthalpy contribution to the interfacial energy depends on the crystallographic orientation of the ͗Al͘ substrate ͓cf. 41 it then follows that, for the three ͗Al͘-͗␥-Al 2 O 3 ͘ interfaces concerned, the atomic density of oxygen of ͗␥-Al 2 O 3 ͘ at the interface is equal to the atomic density of Al atoms of the ͗Al͘ substrate at the interface, and consequently A ͗O͘ ϭA ͗Al͘ . Expressions for the calculation of the molar interface area A ͗Al͘ ͑and thus of A ͗O͘ ͒ are given in Table I .
Values for both the interaction contribution and the mismatch contribution to the energy of the crystalline-crystalline ͗Al͘-͗␥-Al 2 O 3 ͘ interface and the resulting value of the interfacial energy ␥ ͗Al͘-͗␥-Al 2 O 3 ͘ are presented in Table III for the three crystallographic faces of ͗Al͘ considered. Note that the calculated values of the mismatch energy and thus the interfacial energy ␥ ͗Al͘-͗␥-Al 2 O 3 ͘ in Table III Table I . The coefficient of linear thermal expansion of ͗Al͘ is approximately ten times larger than that of ͗␥-Al 2 O 3 ͘ ͑see Table I͒ , and therefore the growth mismatch f ͓cf. Eq. ͑15͔͒ increases, virtually linearly, with increasing growth temperature T from 0.022 at T 0 ϭ298.15 K to 0.035 at Tϭ900 K. Consequently, the ͑positive͒ mismatch contribution and thus the interfacial energy ␥ ͗Al͘-͗␥-Al 2 O 3 ͘ increases with increasing growth temperature. For most metal-substrate oxide-film systems, the coefficient of linear thermal expansion of the metal substrate is larger than that of the oxide film. Hence it can be concluded that for the general case of a ͗M O x ͘ film as formed by epitaxial growth on its substrate ͗M ͘, the crystalline-crystalline ͗M ͘-͗M O x ͘ interface will be less stable for increasing growth temperature if the growth mismatch f Ͼ0. Note that this temperature dependence will be reversed ͑i.e., the ͗M ͘-͗M O x ͘ interfacial energy decreases for increasing growth temperature͒ for metal-oxide systems with a growth mismatch f Ͻ0.
In contrast with the mismatch energy, the Al-O interaction energy depends on the orientation of the ͗Al͘ substrate: the smaller the molar interface area A ͗O͘ of oxygen at the ͗Al͘-͗␥-Al 2 O 3 ͘ interface, the larger the Al-O interaction energy per unit area of the interface ͓cf. Eq. ͑12͔͒ and thus the lower the resulting value of ␥ ͗Al͘-͗␥-Al 2 O 3 ͘ ͑see Table III͒. Since the value of A ͗O͘ is equal to the molar interface area A ͗Al͘ of Al atoms of the ͗Al͘ substrate at the interface ͑see above͒, it follows that the lowest interfacial energy ␥ ͗Al͘-͗␥-Al 2 O 3 ͘ occurs for the most densely packed plane of ͗Al͘ at the interface, i.e., the ͕111͖ plane ͑see Table III͒ .
It can be concluded that, in contrast with the crystallineamorphous interfacial energy ␥ ͗Al͘-͕Al 2 O 3 ͖ , the crystallinecrystalline interfacial energy ␥ ͗Al͘-͗␥-Al 2 O 3 ͘ does depend on oxide-film thickness, the growth temperature, and the crystallographic orientation of the ͗Al͘ substrate ͑cf. Tables II  and III͒. In Ref. 56 , the epitaxial interface between the ͕111͖ crystallographic plane of Nb and the ͕0001͖ crystallographic plane of ␣-Al 2 O 3 was modeled using an atomistic, static lattice simulation technique. Neglecting the mismatch of f ϭ0.019 between the lattices of the two phases at the ͗Nb͘-͗␣-Al 2 O 3 ͘ interface, an interfacial energy of Tables II and III͒. The calculated difference between the interfacial energies ␥ ͗Al͘-͕Al 2 O 3 ͖ and ␥ ͗Al͘-͗␥-Al 2 O 3 ͘ per unit area of the ͗Al͘-͕Al 2 O 3 ͖ interface ͓cf. Eq. ͑5͔͒, i.e., ␥ ͗Al͘-͕Al 2 O 3 ͖ Ϫ␥ ͗Al͘-͗␥-Al 2 O 3 ͘ , at T 0 , is plotted in Fig. 4 as a function of oxide-film thickness for the three crystallographic faces of ͗Al͘ considered. The dependence of the interfacial energy difference on the oxide-film growth temperature is shown in 
V. STABILITY OF AMORPHOUS ALUMINUM-OXIDE FILMS ON CRYSTALLINE ALUMINUM SUBSTRATES
where the ratio between the surface areas and the ratio between the oxide film thicknesses of the ͕Al ͑16͒ using the results for the bulk, surface, and interfacial energies presented in Sec. IV, has been plotted in Fig. 6 as a function of the growth temperature T for an oxide film on the ͕111͖, ͕110͖, and ͕100͖ crystallographic faces of ͗Al͘: the amorphous oxide film is stable up to a thickness of 0.25, 4.08, and 2.13 nm at T 0 ϭ298.15 K, and up to a thickness of 0.44, 7.11, and 3.52 nm at Tϭ900 K, respectively ͑see ͑iii͒ Adopting a ''macroscopic atom'' approach, 11, [13] [14] [15] [16] thermodynamic parameters for a description of interfacial energies of metal metal-oxide systems can be well assessed.
͑iv͒ By calculating the total energy of the metal-substrate metal-oxide film system, i.e., including Gibbs energies of formation, mismatch energy, and interfacial and surface energies, a critical thickness of the oxide film can be calculated up to which the amorphous oxide is thermodynamically more stable than the corresponding crystalline oxide.
͑v͒ The difference in thermodynamic stability of an amor- 
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APPENDIX
For a thin crystalline ͗␥-Al 2 O 3 ͘ film formed by epitaxial growth on the ͕111͖, ͕110͖ or ͕100͖ crystallographic faces of an ͗Al͘ substrate, the tensile strain ʈ at the growth temperature is ͑i͒ independent of the direction within the plane parallel to the ͗Al͘-͗␥-Al 2 O 3 ͘ interface, ͑ii͒ the same for the three interfaces considered, and ͑iii͒ equal to the growth mismatch f ͓see the discussion above Eq. ͑15͒ in Sec. IV C͔.
Then the width and length l ͗␥-Al 2 O 3 ͘ of the accordingly strained ͗␥-Al 2 O 3 ͘ cell on the ͗Al͘ substrate ͓cf. Fig. 1͑b͔͒ are related to the width and length of the unstrained ͑ 1Ϫ2 f ͒. ͑A4͒
Using the data in Table I and the values of f as obtained from Eq. ͑15͒ in Sec. IV C, it follows that increases from 0.960 at T 0 (ϭ298.15 K) to a value of 0.985 at 900 K, whereas decreases from 0.949 at T 0 to 0.943 at 900 K. 
